Rehabilitation of cutover stands is often a management objective of landowners who 3 desire improved stand conditions and increased value from future harvest revenues. We 4 evaluated crop tree growth response and quality following precommercial rehabilitation 5 treatments in mixedwood stands degraded through repeated exploitive cutting in Maine, USA. 6 Treatments included control (no rehabilitation), moderate rehabilitation (crop tree release), and 7 intensive rehabilitation (crop tree release plus timber stand improvement). Paper birch (Betula 8 papyrifera Marsh.), red spruce (Picea rubens Sarg.), and eastern hemlock (Tsuga canadensis (L.) 9
stand improvement, and red spruce fill planting). The moderate and intensive treatments 139 involved releasing softwood and hardwood trees crop trees ≥ 1.4 m tall on 4.6-m and 7.6-m 140 spacings, respectively. Selection of trees within species groups was done independently, leaving 141 some softwood and hardwood crop trees in close proximity to one another. Crop trees were 142 selected based on species desirability, vigor, crown position, and crown size (Kenefic et al. 143 2016). Red maple of both seedling and stump-sprout origin were selected as crop trees; the latter 144 were dominant stems originating low on the stump in clumps with tight formation and little 145 decay. Within-clump release of the crop tree (dominant stem) was not attempted. 146 Noncommercial species (e.g., pin cherry (Prunus pensylvanica L. f.) and gray birch (Betula 147 populifolia Marsh.)) and balsam fir (the preferred host of the eastern spruce budworm 148 (Choristoneura fumiferana) and prone to several internal heart-rots (Seymour 1992)) were not 149 selected as crop trees. 150 In the moderate and intensive treatments, trees within 2.5 to 3.7-m of a crop tree and of 151 the same height or taller were cut using brushsaws or chainsaws, or treated with a basal spray of 152 Garlon 4 Ultra. Outside that radius, trees whose crowns overtopped or could cause abrasion of 153 the crop tree's branches were also cut or treated with herbicide, unless they were paper birch, The intensive treatment also involved timber stand improvement which included cutting 161 or applying herbicide to all unacceptable growing stock (i.e., trees that were not expected to 162 increase in value due to decay or form), poor vigor trees, cull trees, and noncommercial tree 163 species not already designated for removal in crop tree release. Because many trees were pole-164 sized at the time of rehabilitation, we use the term timber stand improvement rather than 165 cleanings, which are conducted in stands not past the sapling stage. Crop tree release and timber 166 stand improvement were conducted in July-October 2008. Survival and quality of planted red 167 spruces was not evaluated 9 years posttreatment; earlier assessments showed high mortality due 168 to browsing (Kenefic et al. 2014 (prior to rehabilitation), species, dbh, total height, and height to the lowest live branch were 184 measured on all crop trees within overstory plots, regardless of dbh. In June 2017 (9 years 185 posttreatment), these measurements were repeated. In 2017, the height from the base of the tree 186 to the first epicormic sprout (diameter < 1.3 cm) and epicormic branch (larger branches, tending 187 to have lighter-colored bark and less lichen cover than primary branches) were measured on 188 paper birch crop trees only. The number of epicormic sprouts and branches below the base of the 189 crown (defined by the presence of primary branches) and the presence of a trainer tree and strong 190 competitor were also recorded. A trainer tree was defined as a shade-tolerant conifer (e.g.,
191
balsam fir or spruce) in lower strata whose crown projection area intersected that of the crop tree.
192
Strong competitors were defined as shade-tolerant conifers or hardwoods (e.g., red maples) 193 occurring in the same stratum whose crown projection area intersected that of the crop tree. . 2014)). In models of diameter increment, pretreatment dbh was used as a fixed 213 effect to account for size differences among crop trees of the same species. Likewise, 214 pretreatment total height was used as a covariate in models of height increment. Separate models 215 were also developed with the following explanatory variables correlated with rehabilitation 216 treatment: basal area of trees larger than the subject tree, 1-and 9-year posttreatment basal area, 217 the percentage of pretreatment basal area in trees that were cut or treated with herbicide during 218 treatments, and the absolute basal area of trees cut or treated with herbicide during treatments. Crop tree diameter and rehabilitation treatment were statistically significant fixed effects 303 (P < 0.05) in models of observed probability (presence or absence) of epicormic sprouts and 304 epicormic branches on paper birch crop trees ( Table 4 ). In both models, the occurrence of at 305 least one epicormic sprout or branch on a crop tree decreased with increasing diameter. The 306 presence of a strong competitor also decreased the probability of epicormic branching. Pairwise 307 comparisons indicated there was a greater occurrence of epicormic branches on paper birch crop 308 trees in the moderate and intensive rehabilitation treatments than in the control (P < 0.05), and 309 the occurrence of epicormic branches was similar among moderate and intensive treatments 310 ( Table 5) . 311 For paper birch crop trees with a least one epicormic sprout, number of epicormic sprouts 312 tree -1 were similar among rehabilitation treatments ( Table 7) . Crop tree diameter and the D r a f t 16 319 variables from both the binomial and zero-truncated models have an influence on the predicted 320 number of epicormic sprouts and epicormic branches.
321
For paper birches with epicormic branches, height from the base of the tree to the first 322 epicormic branch was a function of dbh and rehabilitation treatment ( Table 4) . Pairwise 323 comparisons indicated that average height to the first epicormic branch was less in the moderate 324 and intensive rehabilitation treatments than in the control (P < 0.05), though not differentiated 325 between intensities of rehabilitation ( Table 5) . The presence of a trainer tree had a significant 326 influence on the height to the first epicormic sprout (P < 0.05), but other explanatory variables 327 were not influential. On average, the height to the first epicormic sprout was 4.3 m when a 328 trainer tree was not present and 5.0 m when a trainer tree was present. Across all treatments, 329 conifers that functioned as trainer trees were associated with 38% of paper birch crop trees; 330 conifers with the potential to become trainers in the future (i.e., trees whose crown projection D r a f t 28 Table 1 . Mean (standard deviation) and range of pretreatment diameter at breast height (dbh; cm) and total height (m), periodic annual height increment (m year -1 ; 0 to 9 years posttreatment), crown recession (m; 0 to 9 years posttreatment), change in crown length (m; 0 to 9 years posttreatment), and basal area of trees larger than the subject tree (BAL; m 2 ha -1 ) associated with crop trees by species. Crown recession and change in crown length were not evaluated in hardwoods.
Species

Attribute
Paper D r a f t 31 Table 4 . Model parameter estimates and fit statistics for mixed-effects models of periodic annual diameter and height increment (cm year -1 and m year -1 , respectively; 0 to 9 years posttreatment) that included treatment, pretreatment diameter at breast height (dbh; cm), and pretreatment height (HT; m) as fixed effects, and management unit and experimental unit within management unit as random effects (b k and b j|k , respectively). Also, shown are models of observed probability (presence or absence) of epicormic sprouts and branches as well as height from the base of the tree to the first epicormic branch (m) that included treatment and dbh and the presence of a strong competitor (COMP; 0 if absent, 1 if present) 9 years posttreatment as fixed effects. D r a f t Table 5 . Least-squares (LS) mean (standard error) periodic annual diameter and height increment (cm year -1 and m year -1 , respectively; 0 to 9 years posttreatment) at the mean pretreatment diameter at breast height (dbh, cm) and height (m), respectively. Also, 9 years posttreatment observed probability of epicormic sprouts and branches (0-1) as well as height from the base of the tree to the first epicormic branch (m) at the mean dbh. Different letters indicate significant differences between LS means among treatments at P < 0.05. D r a f t Table 6 . Model fit statistics for mixed-effects models of periodic annual diameter and height increment, and change in crown length (cm year -1 , m year -1 , and m, respectively; 0 to 9 years posttreatment) that contained the basal area of trees larger than the subject tree (BAL; m 2 ha -1 ) and crown recession (CR; m) as fixed effects as well as a random intercept based on management unit and experimental unit within management unit (b k1 and b j|k1 , respectively) and a random slope based on management unit and experimental unit within management unit (b k2 and b j|k2 , respectively). D r a f t Table 7 . Mean (standard deviation) and range of epicormic sprouts (number tree -1 ) and height to first epicormic sprout (m) of paper birch crop trees with epicormic sprouts. Statistics for paper birch crop trees with epicormic branches are also shown. Diameter at breast height (dbh; cm) is for all paper birch crop trees, regardless of the presence of epicormics. These descriptive statistics were derived using 9 years posttreatment data. Epicormic branches 1.9 (1.2) 2.6 (1.7) 2.5 (1.7) 1-5 1-8 1-9
Treatment
Parameter
Height to first epicormic branch 6.4 (1.7) 4.8 (1.4) 4.6 (1.1) 3.1-9.5 0.9-7.8 1.7-6.7 dbh 9.6 (3.0) 10.1 (3.2) 10.0 (2.9) 5.1-21.1 4.8-22.6 5.1-21.1
D r a f t 37 Table 8 . Model fit statistics for zero-truncated mixed-effects models of number of epicormic sprouts and epicormic branches on paper birch crop trees (9 years posttreatment) that included diameter at breast height (dbh; cm) and the presence or absence of a trainer tree as fixed effects, and management unit and experimental unit within management unit as random effects (b k and b j|k , respectively). Tables 4 and 8 where values from the binomial model were divided by (1 -exp (-truncated Poisson or truncated negative binomial model values)) and then multiplied by values from the truncated Poisson or truncated negative binomial model. Large-size crop trees (based on dbh; diameter at breast height), the presence of a strong competitor (i.e., a shade-tolerant conifer or hardwood occurring in the same stratum whose crown projection area intersected that of the crop tree), and the presence of a trainer tree (i.e., a shade-tolerant conifer in lower strata whose crown projection area intersected that of the crop tree) are correlated with a lower number of epicormic branches.
